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FAULT TOLERANT ACI'IVE MAGNETIC 
BEARING 

RELATED PATENT APPLICATION 

This application is related to commonly assigned U.S. 
patent application Ser. No. 07/970,194 of J. P. Lyons 
and M. A. Preston, and to commonly assigned U.S. 
patent application Ser. No. 07/970,196 of J. P. Lyons 
and M. A. Preston, both ?led concurrently herewith 
and incorporated by reference herein. ' 

FIELD OF THE INVENTION 

The present invention relates generally to magnetic 
bearings and, more particularly, to a fault tolerant ac 
tive magnetic bearing having at least three magnetically 
isolated control axes. 

BACKGROUND OF THE INVENTION 

Active magnetic bearings have great potential for 
improving the efficiency of rotating machinery by: 
reducing or eliminating the complexity of bearing lubri 
cation systems; enabling high rotational speeds; and 
providing active means of controlling vibrations in 
complex rotating masses. Recent advances in power 
electronics and control microprocessors have made 
active magnetic bearing systems feasible in, for exam 
ple, gas turbine engine applications. 

Presently, however, active magnetic bearings are 
unsuitable for high-reliability applications, such as air 
craft engine rotor support and vibration control. Ac 
cordingly, it is desirable to provide a highly reliable and 
fault tolerant active magnetic bearing. 

SUMMARY OF THE INVENTION 

A fault tolerant active magnetic bearing has at least 
three magnetically isolated control axes. To this end, 
the active magnetic bearing has a segmented stator 
which employs non-magnetic sections for magnetically 
isolating adjacent electromagnetic force actuators, and 
hence adjacent control axes. As a result, operating force 
actuators are not affected by force actuators experienc 
ing a fault. Therefore, in a three-phase active magnetic 
bearing rotor suspension control system, for example, 
full control of rotor shaft position can be maintained 
with only two functioning control axes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present invention 
will become apparent from the following detailed de 
scription of the invention when read with the accompa 
nying drawings in which: 
FIG. 1a illustrates a typical active radial magnetic 

bearing employing orthogonal control axes; 
FIG. 1b graphically represents the orthogonal con 

trol axes for the active magnetic bearing of FIG. 10; 
FIG. 2a illustrates an active radial magnetic bearing 

employing three magnetically isolated control axes in 
accordance with the present invention; and 
FIG. 2b graphically represents the magnetically iso 

lated control axes for the active magnetic bearing of 
FIG. 2a. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. la illustrates a typical active radial magnetic 
bearing 10 employing orthogonal control axes. Active 
radial magnetic bearing 10 includes a stator 12 and a 
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rotor 14 coupled to a shaft 16. By way of example, 
stator 12 is shown as having four stator pole-pairs con 
?gured as four force-producing electromagnets A1, A2, 
B1 and B2, with a 90' radial spacing between pole-pairs. 
Each stator pole has a winding 18 wound thereon in 
well-known manner. For example, windings 18 may 
comprise form-wound windings that are initially wound 
about a bobbin and then placed on the stator poles dur 
ing magnetic bearing assembly. Two electromagnets at 
180' radial separation operate as a respective one of the 
control axes. The orthogonal control axes are thus rep 
resented graphically in FIG. 1b as A1-A2 and B1-B2. ‘ 
Disadvantageously, in the active magnetic bearing con 
?guration of FIG. 10, both of the control axes are re 
quired to maintain stable rotor suspension. 
FIG. 2 illustrates an active magnetic bearing 30 em 

ploying at least three magnetically isolated radial con 
trol axes according to the present invention. Active 
magnetic bearing 30 includes a stator 32 and a rotor 34 
coupled to a shaft 36. By way of illustration, stator 32 of 
active magnetic bearing 30 has six stator pole-pairs 
con?gured as six force-producing electromagnets A1, 
B1, C1, A2, B2, and C2, with a 60° radial spacing be 
tween pole-pairs. Each stator pole has a winding 38 
wound thereon in well-known manner. Two electro 
magnets at 180° radial separation operate as a respective 
one of the control axes. 

Stator 32 is segmented by situating a non-magnetic 
stator ?ux barrier 40 between adjacent electromagnets. 
The stator ?ux barriers 40 provide magnetic isolation 
for each electromagnet and thus allow functioning 
force-actuation electromagnets to continue operating 
even in such proximity to faulted electromagnets. Ad 
vantageously, any two of the three (or more) control 
axes are sufficient to maintain rotor suspension. Hence, 
bearing operation continues even in the presence of 
faults, such as, for example, faulted electromagnets, 
power electronic shorts, and phase power loss. Even 
greater fault tolerance may be achieved using more than 
three control axes. 

In operation, the magnetic flux produced by the forc 
ing current or magnetomotive force (mmt) in each pole 
winding 38 circulates through the stator poles of each 
respective electromagnet and through the rotor and 
stator cores, crossing two air gap lengths g. An exem 
plary magnetic ?ux path 50 for electromagnet A1 is 
illustrated in FIG. 2a. Advantageously, the magnetic 
coupling between adjacent electromagnets is minimized 
by the active magnetic bearing configuration of FIG. 
2a, and the ?ux path for each electromagnet is isolated, 
enabling independent operation of the control axes and 
preventing interference between adjacent electromag 
nets under fault conditions. 
The stator of an active magnetic bearing according to 

the present invention can be constructed using a stack 
of composite laminations in a manner such as that de 
scribed in commonly assigned U.S. Pat. No. 4,918,831 
of G. B. Kliman, issued Oct. 20, 1989 and incorporated 
by reference herein. Alternatively, the stator of an ac 
tive magnetic bearing according to the present inven 
tion can be constructed by bonding (e.g., welding) solid 
non-magnetic segments to a stack of laminations in a 
manner such as that described in commonly assigned 
U.S. Pat. No. 4,472,651 of D. W. Jones, issued Sept. 18, 
1984 and incorporated by reference herein. 
While the preferred embodiments of the present in 

vention have been shown and described herein, it will 
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be obvious that such embodiments are provided by way 
of example only. Numerous variations, changes and 
substitutions will occur to those of skill in the art with 
out departing from the invention herein. Accordingly, 
it is intended that the invention be limited only by the 
spirit and scope of the appended claims. 
What is claimed is: 
1. An active magnetic bearing, comprising: 
a rotor mounted for rotation within a stator and for 

coupling to a shaft, said stator having at least six 
adjacent electromagnets con?gured such that each 
electromagnet is situated opposite from a corre 
sponding electromagnet, adjacent electromagnets 
being separated by non-magnetic ?ux barriers, 
opposite electromagnets functioning as a magneti 
cally isolated control axis, such that there are at 
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least three magnetically isolated control axes, and 
only two of said control axes are required to be 
operational in order to maintain operation of said 
magnetic bearing. 

2. The active magnetic bearing of claim 1 wherein 
said stator has three control axes. _ 

3. The active magnetic bearing of claim 1 wherein 
said electromagnets each comprise a stator pole-pair. 

4. The active magnetic bearing of claim 1 wherein 
said stator comprises a stack of composite stator lamina 
tions. ' 

5. The active magnetic bearing of claim 1 wherein 
said stator comprises a stack of laminations, said ?ux 
barriers comprising solid non-magnetic segments 
bonded to said laminations. - 


